Introduction
The mammalian intestine contains a diverse population of commensal bacteria that are involved in the metabolism of nutrients, fortification of the mucosal barrier, xenobiotic metabolism, angiogenesis [1] , and development of intestinal lymphoid tissue [2] . These bacteria are present in the intestinal microflora and play an indispensable role in maintaining intestinal homeostasis [3] . Some of the commensal bacteria are called probiotics which are living organisms, mostly found in food supplements, which provide health benefits beyond their mere nutritive value. Indeed, the administration of certain probiotics is known to improve abdominal symptoms [4] and intestinal damage in patients with inflammatory bowel disease (IBD) [5] [6] [7] [8] [9] , antibioticsinduced colitis [10, 11] , and necrotizing enterocolitis [12, 13] . Some mechanisms of these probiotic functions were identified to be the enhancement of innate immunity through the induction of anti-microbial peptide defensins [14] [15] [16] , the enhancement of the barrier functions of intestinal epithelia through the activation of mitogen-activated protein kinases (MAPKs) [17, 18] and the regulation of the inflammatory status through the modulation of inflammation-related cytokines [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . These therapeutic effects are thought to occur through the mediation of effective molecules derived from these bacteria because live bacteria as well as their conditioned media appear to exhibit beneficial effects in many cases [17, 18] . However, the specific molecules which mediated their benefits for host health are poorly characterized [32] [33] [34] .
Bacillus subtilis, which is a soil and water saprophyte found in the enteric flora of many species, is regarded as a beneficial bacteria and has probiotic activities on the health status of grower pigs [35] and on the cytoprotection of mice [33, 36] and human epithelial cells [33] . B. subtilis secretes many small peptides including competence and sporulation factor (CSF) which is a quorum-sensing molecule. CSF, whose amino acid sequence is ERGMT, is a key molecule involved in communication among bacteria and is associated with bacterial proliferation and sporulation [37] [38] [39] [40] . We have previously ascertained that CSF induces the expression of the cytoprotective proteins and heat-shock protein (Hsp) 25/27 and 72 [41] [42] [43] , activates the Akt and p38 MAPK pathway in mammalian intestinal epithelia, and protects intestinal tissues from oxidant stress. Furthermore, this beneficial activity is mediated by the transport of CSF through the transport of novel organic cation transporter isotype 2 [33] , thus suggesting a novel system of host-microbial interaction in the gut.
The current study demonstrates that CSF improves epithelial cell injury caused by intestinal inflammation through the modulation of pro-inflammatory mediators and inductions of cytoprotective Hsps.
Methods

Cell culture
Human colonic epithelial Caco2/ bbe cells purchased from ATCC were grown in high-glucose Dulbecco's modified eagle's medium (DMEM) supplemented with 10% (vol/ vol) fetal bovine serum (FBS), 2 mM L-glutamine, 50 U/ml penicillin, 50 μg/ml streptomycin, and 10 μg/ml transferrin (all from Invitrogen/GIBCO, Grand Island, NY) in a humidified atmosphere of 5% CO 2 . The cells were plated on 6-or 12-well plates at a density of 10 5 cells/cm 2 and then were allowed to differentiate for 10-14 days before the experiments.
Protein array
Caco2/ bbe cells were treated with or without 100 ng/ml TNF-α and/or 10 nM CSF, which were purchased from Hokkaido System Science (Hokkaido, Japan), in FBS-free DMEM for 48 h, and then, the conditioned media were collected from each well. The expression of inflammatory mediators in the conditioned media was examined using the Human Cytokine Antibody Array V (RayBiotech, GA) ( Table 1) according to the manufacturer's instructions.
Western blots
Proteins of Caco2/ bbe cells were washed with phosphatebuffered saline (PBS), extracted with 200 μl lysis buffer (1% vol/vol Triton X 100; 20 mM Tris, pH 8; 50 mM NaCl; 5 mM EDTA; 0.2% wt/vol BSA; and complete protease cocktail (Roche Molecular Biochemicals, Indianapolis, IN)), and analyzed by Western blotting. Five to twenty micrograms of each sample was resolved by SDS-PAGE (10-12%) and immediately transferred to a polyvinylidene difluoride (PVDF) membrane using 1× transfer buffer (25 mM Tris, pH 8.8; 192 mM glycine with 15% (vol/vol) methanol). PVDF membranes were incubated in PBS with 0.05% (vol/vol) Tween 20 (T-PBS) containing 5% (wt/vol) milk for 1 h at room temperature to block nonspecific binding. The blots were incubated overnight at 4°C with anti-human Hsp27 and Hsc70 antibody (Stressgen, Victoria, British Columbia, Canada) as the primary antibody. Blots were washed five times for 10 min each in T-PBS at room temperature, incubated for 60 min in species-appropriate horseradish peroxidase-conjugated secondary antibody (Jackson Immunoresearch, West Grove, PA) in T-PBS, washed four times in T-PBS and once in PBS, and developed using the Super-Signal West Pico enhanced chemiluminescence system (Pierce Chemical, Rockford, IL). Pos positive control, Neg negative control, ENA78 epithelial-derived neutrophil attractant-78, GCSF granulocyte colony stimulating factor, GM-CSF granulocyte-macrophage colony stimulating factor, GRO growth-related gene product, GRO-α growth-related gene product (CXCL-1), IL interleukin, IFNγ interferon γ, MCP monocyte chemotactic protein, MCSF macrophage colony stimulating factor, MDC macrophage-derived chemokine, MIG monokine induced by interferon γ, MIP-1β macrophage inflammatory protein-1β
Dextran sodium sulfate-induced colitis in vivo These studies were approved by the Institutional Animal Care and Use Committee of Asahikawa Medical College. DSS with a molecular weight of 25,000 (Tokyo Chemical Industry Co., Ltd.) was dissolved in tap water to obtain a 2% DSS solution. C57/Bl6 mice (18-25 g) were purchased from Sankyo Labo Service Co., Inc. (Tokyo, Japan) and allowed free access to this solution as drinking water for 6 days to prepare a mouse model of DSS-induced colitis. The mice were transanally administered various concentrations of CSF at day 6. Twenty-four hours after the administration of CSF, the mice were sacrificed, and a 3-mm piece of their colon was fixed in 10% buffered formalin, sectioned at 4 μm, and stained with hematoxylin and eosin for light microscopic examination. Protein samples were prepared as described above. In another set of experiments, the cumulative survival rate of the mice which were orally treated with 4% DSS and were transanally administered either 10 nM CSF or PBS for every 2 days was investigated.
Histological analysis
The histological activity was assessed according to Berg's score described below [44] . Because intestinal lesions showed multifocal and variable severity, the grades were assessed in three representative parts of the colon in each mouse. A score from 0 to 4 was based on the following criteria: (grade 0) no change from normal tissue; (grade 1) one or a few multifocal mononuclear cell infiltrates in the lamina propria accompanied by minimal epithelial hyperplasia and slight to no depletion of mucus from goblet cells; (grade 2) the lesions tended to involve more of the intestine than grade 1 lesions or were more frequent. Typical changes included mild inflammatory cell infiltrates in the lamina propria composed primarily of mononuclear cells with a few neutrophils. Small epithelial erosions were occasionally present, and inflammation rarely involved the submucosa; grade 3 lesions involved a large area of the mucosa or were more frequent than grade 2 lesions. Inflammation was moderate and often involved the submucosa but was rarely transmural. Inflammatory cells were a mixture of mononuclear cells as well as neutrophils, and crypt abscesses were sometimes observed. Ulcers were occasionally observed; grade 4 lesions usually involved most of the intestinal section and were more severe than grade 3 lesions. Inflammation was severe, including mononuclear cells and neutrophils, and was sometimes transmural. Crypt abscesses and ulcers were present.
Statistical analysis
The histological scores were analyzed with the Mann-Whitney U test. The survival curves were constructed with the KaplanMeyer method, and univariate survival distributions were compared using the Log rank test. A p value of <0.05 was considered to be statistically significant.
Results
CSF modulated the secretion of inflammatory mediators under the control of TNF-α and induced Hsp 27
in Caco2/ bbe cells IL-10, which is an essential cytokine with immunosuppressive properties [45] , was secreted from Caco2/ bbe cells with no influence on the release of pro-inflammatory mediators 48 h after the incubation with 10 nM of CSF ( Fig. 1a and b) . Furthermore, CSF inhibits TNF-α-induced secretion of proinflammatory mediators including IL-4, IL-6, and IL-7, and CXCL-1 ( Fig. 1c and d) but not IL-10. This suggests that CSF exerts an anti-inflammatory effect through inducing IL-10 and inhibiting the release of pro-inflammatory mediators derived from intestinal epithelia under inflammatory conditions. Various concentrations of CSF (0.1 to 100 nM) also induced Hsp27 in Caco2/ bbe cells, thus suggesting that CSF has a protective effect on the intestinal epithelia (Fig. 1e) .
CSF improves intestinal injury in mice treated with DSS
The length of the large intestine was significantly longer in the mice orally treated with 2% DSS and a 10 nM CSF enema, than that in the mice without the CSF enema, while the weight of the mice showed no difference between the two groups (Fig. 2) . The histological activity of the large intestine of DSS-colitis mice treated with CSF was assessed by Berg's score. Whereas DSS treatment caused moderate to severe colitis corresponding to grade 3 or more, 10 nM CSF significantly reduced the histological severity (2.0±0.4) in comparison to the control (3.3±0.2), thus indicating the antiinflammatory effect of CSF treatment an in vivo colitis model (Fig. 3) .
CSF improved survival rate of mice treated with a lethal dose of DSS The 50% survival period of the control mice treated with 4% DSS was 9 days while 10 nM CSF prolonged the 50% survival period to 11 days. The cumulative survival rate of CSF-treated mice was significantly higher than that of control mice (p≤0.05). This demonstrated the CSF effect to improve the survival ability of mice with severe colitis (Fig. 4) .
Discussion
The current study demonstrated that the B. subtilis quorumsensing molecule, CSF, reduced epithelial injury caused by intestinal inflammation and improved the survival rate of mice with lethal colitis. This indicates that CSF mediates the protective effect of B. subtilis and is potentially useful for 10 nM CSF diminished inflammatory cell infiltration and improved epithelial defects. The histological score of the mice large intestine treated with 10 nM CSF (2.0±0.4) was significantly lower than that of the mice treated with 2% DSS only (control) (3.3±0.2) (d) Fig. 4 The cumulative survival rates of the DSS-treated mice with or without the administration of CSF. Four-percent DSS-treated mice were anally administered either PBS or 10 nM CSF every 2 days and observed until their death. Whereas the control mice showed 50% survival periods of 9 days (dotted line), CSF prolonged the 50% survival periods to 11 days (solid line). The cumulative survival rate of CSF-treated mice was significantly higher than that of the control mice treating intestinal inflammation. Probiotics, including Lactobacillus, Bifidobacterium, and B. subtilis, are beneficial for maintaining intestinal homeostasis and host health [1] [2] [3] , and they can be utilized to treat antibiotics-induced colitis [10, 11] , necrotizing enterocolitis [12, 13] , and inflammatory bowel disease (IBD) including ulcerative colitis and Crohn's disease [5] [6] [7] [8] [9] . However, these probiotics are not always effective for treating these intestinal disorders [46, 47] because such live probiotics are required to colonize and to maintain their activity under the various conditions of the lumen in each patient in order to exhibit their beneficial functions for host health. In most patients with intestinal disorders, intestinal conditions are diverse due to the augmentation of pathogenic bacteria and/or the administration of drugs which may be harmful for probiotics. Because CSF, a B. subtilis-derived molecule, activates the protein kinase B (Akt) and p38 mitogen-activated protein kinase pathways, induces Hsps, and increases barrier function of intestinal epithelia against oxidant stress [33] , we hypothesized that CSF might function to improve epithelial cell injury in intestinal inflammation. The present study proposed that probiotic-derived molecules as well as live probiotics can be useful to regulate intestinal inflammation. A stabilizing effect is expected to regulate intestinal inflammation rather than using live probiotics because probiotic-derived molecules exhibit their physiological functions without bacterial colonization in the intestinal lumen. A further analysis of the secretions from various probiotics will identify effective molecules which have unique functions that are beneficial for host health.
The current analysis of conditioned media of Caco2/ bbe cells indicated that CSF decreased epithelia-released mediators including many pro-inflammatory mediators, IL-4, IL-6, and IL-7, and CXCL-1, induced by TNF-α. Whereas some probiotics or their secretions in conditioned media regulate inflammatory-related mediators released from epithelial cells [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] , the present study showed a bacteria-derived molecule that could regulate the release of inflammationrelated mediators from the intestinal epithelia. It is noteworthy that CSF functioned as an effector not only for the downregulation of pro-inflammatory mediators but also for the upregulation of the anti-inflammatory cytokine IL-10, which is an essential cytokine with immunosuppressive properties and whose impairment causes continuous intestinal inflammation similar to that observed in Crohn's disease [45] . In addition, CSF induced Hsp 27 which is an essential molecule for epithelial cytoprotection [41] [42] [43] and whose downregulation is associated with the pathogenesis of IBD [48] . Therefore, CSF can improve epithelial cell injury in intestinal inflammation including IBD through both immunomodulation and cytoprotection. Probiotics enhance innate immunity through the induction of anti-microbial defensin peptides [14] [15] [16] . Moreover, Schröder et al. proposed that hBD-1 reduced by the thioredoxin system, which possesses free cysteine residues in the carboxy terminus, exhibits antibacterial activity for commensal bacteria and opportunistic pathogenic fungus while oxidized hBD-1, with three intramolecular disulphide bridges, exerts only minor antibiotic killing activity, suggesting the crucial role of the interaction between redox regulation and innate immune defense for an effective barrier protecting human epithelia [49] . Further analysis of the mechanism of the in vivo effects of CSF on epithelial barrier function as well as immune systems is expected to clarify the mechanism of intestinal cytoprotection in the future.
In summary, this study demonstrated that a B. subtilisderived molecule, CSF, improved the epithelial cell injury caused by intestinal inflammation. The anti-inflammatory effect of CSF was mediated by the downregulation of pro-inflammatory mediators, the upregulation of antiinflammatory IL-10, and the induction of cytoprotective protein Hsps in the intestinal epithelia. CSF can possibly reduce intestinal inflammations without bacterial colonization. Probiotic-derived molecules, such as CSF, are therefore potential options for the treatment of intestinal inflammation.
